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INTRODUCTION 

Coprocessing heavy o i l s ,  bitumens or petroleum r e s i d u e s  with c o a l  
can be  considered as a b r idge  between coa l  l i q u e f a c t i o n  and 
hydrocracking. 
hydrocracking can be appl ied  with modi f ica t ion  t o  coprocessing. 
terms o f  o p e r a t i o n ,  coprocessing is less complicated than l i q u e f a c t i o n  
because recylce so lven t  is  e l imina ted .  S ince  t h e  coprocess ing  so lven t  
is upgraded s imul taneous ly  w i t h  c o a l  t h e  r e a c t o r  volume is u t i l i z e d  
more e f f e c t i v e l y .  
are as high a s  those i n  hydrocracking then coprocessing a l s o  o f f e r s  a 
s i g n i f i c a n t  sav ing  i n  feeds tock  c o s t s  by s u b s t i t u t i n g  a s i g n i f i c a n t  
por t ion  o f  t h e  heavy o i l  with less expensive coa l .  

The e x i s t i n g  technologies  o f  l i q u e f a c t i o n  and 
In  

I f  residuum convers ion  l e v e l s  during coprocess ing  

CANMEl coprocess ing  invo lves  t h e  simultaneous upgrading of c o a l  
and heavy o i l  or bitumen i n  a once-through mode o f  opera t ion  us ing  a 
d isposable  i r o n  c a t a l y s t .  
impregnated with i r o n  s u l p h a t e ) ,  h e r e i n a f t e r  r e f e r r e d  t o  as FeS04, ha8 
been i d e n t i f i e d  a s  both an hydrogenation and coke-reducing c a t a l y s t .  
Process f e a s i b i l i t y  has  been inves t iga t ed  us ing  a v a r i e t y  o f  c o a l s  and 
heavy o i l s / b i t u m e n s ( l ) .  Also, it has been demonstrated t h a t  i n  terms 
o f  product y i e l d s  f o r  subbituminous c o a l s ,  CANMET coprocess ing  is 
super ior  t o  l i q u e f a c t i o n  and is comparable t o  hydrocracking (2-3) .  

The CANMET a d d i t i v e  (pu lve r i zed  coa l  

The e f f e c t  o f  H2S i n  hydrocracking o f  model compounds and i n  
l i que fac t ion  is well documented (4-11). 
coke formation and inc rease  l i q u i d  y i e l d  i n  coa l  l i q u e f a c t i o n  has been 
patented by Exxon Research and Engineering Company (12) .  
been shown t h a t  HpS has b e n e f i c a l  e f f e c t s  i n  non-ca ta ly t ic  crude o i l  
hydroref in ing  p rocesses  (13). 

The a b i l i t y  of H2S t o  reduce 

I t  has a l s o  

In a prev ious  batch au toc lave  s tudy  t h e  use o f  H2S i n  
coprocessing subbituminous c o a l  and bitumen re su l t ed  i n  high c o a l  
conversion and d i s t i l l a t e  y i e l d  (14).  
i n  the  presence o f  H2S was a t t r i b u t e d  t o  its a b i l i t y  t o  donate  its 
hydrogen t o  r a d i c a l s  der ived  f rom c o a l  and bitumen (15) .  

The o b j e c t i v e  o f  t h e  present  study was t o  v e r i f y  t h e  p o s i t i v e  

The inc rease  i n  product y i e l d s  

e f f e c t s  o f  H2S under coprocess ing  cond i t ions  us ing  a continuous-flow 
bench s c a l e  p i l o t  p l a n t  and t o  compare t h e  a c t i v i t y  o f  H2S w i t h  FeSO4 
under s i m i l a r  ope ra t ing  cond i t ions .  
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EXPERIMENTAL 

Process Unit 

Coprocessing experiments were c a r r i e d  out  i n  a I - L  
continuous-f low s t i r r e d  tank r e a c t o r  w i th  a nominal capac i ty  o f  1 kg/h 
o f  s l u r r y  feed wh i le  product samples were c o l l e c t e d  over I-h per iods  
a t  steady s tate.  
paper, t h e  m a t e r i a l  balances were w i th in  i 5  w t  X. 
purposes, a l l  the  da ta  were normalized t o  100% m a t e r i a l  balance by 
p r o p o r t i o n i n g  t h e  losses  over each o f  t h e  product  f rac t ions .  Other 
d e t a i l s  o f  the experimental u n i t  are a v a i l a b l e  elsewhere (2) .  

Feedstocks 

For a l l  the  experimental runs repor ted  i n  t h l s  
For comparison 

The ana lys is  o f  Forestburq subbituminous C c o a l  and Cold Lake 
vacuum bottoms (CLVB) i s  shown i n  Table 1. Addi t i ves  or promoters 
were FeS04 or  H2S or  both. The HzS was obta ined from Matheson and 
used as received. 
a l i q u i d  u s i n g  a Waters LC pump model 6000A. 

I n  experiments where H2S was used i t  was pumped as 

RESULrS AND DISCUSSION 

I 

Product Yields 

Previous batch autoclave experiments i n d i c a t e d  t h a t  H2S i s  most 
e f f e c t i v e  a t  low t p  moderate s e v e r i t i e s  i n  terms o f  improving product  
y i e l d s  when compared t o  coprocessing w i thout  any a d d i t i v e .  
moderate-high sever i ty ,  us ing the  feedstocks repor ted  i n  t h i s  
paper , re la t i ve ly  h i g h  coke format ion was observed even i n  t h e  presence 
o f  H2S. For t h i s  reason, t h e  CSTR experiments which invo lved H2S on ly  
were performed a t  low t o  moderate s e v e r i t i e s .  
s e v e r i t y  experiments, i r o n  su lphate was used t o  assure smooth process 
opera t ion  and t o  prevent  coke formation. 
coprocessing experiments in  the CSTR un i t  us ing  CLVB and Forestburg 
c o a l  wi thout  any c a t a l y s t  even a t  low s e v e r i t y  r e s u l t e d  i n  coke 
format ion and p l a n t  shutdown. Thus, i t  i s  not  poss ib le  t o  compare the 
r e s u l t s  o f  experimental runs us ing  H2S on ly  with those u s i n g  no 
a d d i t i v e  or promoter as was done i n  the  batch autoc lave s tud ies  (15) .  
The f a c t  t h a t  coprocessing experiments could be performed i n  the  CSTR 
w i th  H2S and no o ther  c a t a l y s t  a t  low and moderate s e v e r i t i e s  i s  
s i g n i f i c a n t  and v e r i f i e s  e a r l i e r  batch r e s u l t s  which i n d i c a t e d  t h a t  
HpS prevents  coke format ion under the cond i t ions  employed (14-15). 

AT 

For  moderate-high 

Attempts t o  perform 

Table 2 compares coprocessing r e s u l t s  obta ined i n  the  presence o f  
HpS and i r o n  su lphate a t  two l e v e l s  o f  s e v e r i t i e s .  A t  bo th  l e v e l s  
replacement o f  FeSO4 w i t h  H2S r e s u l t e d  i n  h igher  d i s t i l l a t e  y i e l d ,  
p i t c h  and c o a l  conversions. The r e s u l t s  o f  batch s t u d i e s  i n d i c a t e d  
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t h a t  product y i e l d s  depend on HpS concentrat ion.  
temperature maximum coa l  conversion and d i s t i l l a t e  y i e l d  were obtained 
a t  about 3.5 w t  X HzS based on maf s l u r r y  feed (15). 
r e s u l t s  reported i n  t h i s  work are based on on ly  one experimental run  
and are a t  approximately 8 w t  X H p S  based on maf s l u r r y  feed. 
o p t i m i z a t i o n  o f  HpS concent ra t ion  on product y i e l d s  was c a r r i e d  out i n  
t h i s  CSTR study. 

A t  moderate 

However, t he  

No 

The increase i n  conversions and d i s t i l l a t e  y i e l d  i n  the  presence 
o f  HzS can be r a t i o n a l i z e d  by i t s  hydrogen-donor a b i l i t y .  
sulphide can donate i t s  hydrogen d i r e c t l y  t o  coa l  and bitumen-derived 
r a d i c a l s  o r  the a v a i l a b l e  hydrogens i n  H2S can be t r a n s f e r r e d  t o  
r a d i c a l s  v i a  coa l -der ived  l i q u i d s .  The evidence fo r  d i r e c t  hydrogen 
donat ion by HzS comes from batch  autoclave hydrocracking s t u d i e s  using 
CLVB (14). 
s u b s t a n t i a l  improvement and a t  moderate s e v e r i t y  a s l i g h t  increase i n  
d i s t i l l a t e  y ie ld .  The considerable increase i n  d i s t i l l a t e  y i e l d  in 
the  presence o f  HpS suggests t h a t  a t  l e a s t  i n  pa r t ,  hydrogen from H S 
i s  t rans fer red  t o  bitumen-derived rad ica ls .  
a l s o  showed t h a t  w h i l e  the conversion o f  Forestburg coa l  i n  anthracene 
o i l  increased w i t h  H p S ,  d i s t i l l a t e  y i e l d  d i d  not. However, i n  
copcocessing ( b a t c h  and C S I R )  b o t h  c o a l  conversion and d i s t i l l a t e  
y i e l d  improved s u b s t a n t i a l l y  when H p S  was used. 
i n d i c a t e  t h a t  H2S promotes upgrading o f  bitumen dur ing  coprocessing. 
An apparent synergism between coa l  and HpS i s  a lso  suggested by l e s s  
coke format ion d u r i n g  coprocessing i n  the presence o f  HpS r e l a t i v e  t o  
the  hydrocracking o f  bitumen on ly  us ing  H2S as a promoter (15). 
2 i n d i c a t e s  t h a t  a t  l e a s t  a t . l o w  and moderate s e v e r i t i e s  the 
performance o f  HpS under coprocessing c o n d i t i o n s  i n  a CSTR i s  as good 
as or  b e t t e r  than FeS04. 

Hydrogen 

A t  low seve r i t y ,  the presence o f  H p S  r e s u l t e d  i n  a 

The previous study (14% 

These r e s u l t s  may 

Table 

Table 3 compares the a c t i v i t i e s  o f  i r o n  sulphate w i t h  and without 
H2S. A t  very l o w  and low s e v e r i t i e s  a d d i t i o n  o f  HpS t o  FeS04 r e s u l t e d  
i n  an increase i n  c o a l  conversions whereas d i s t i l l a t e  y i e l d s  and p i t c h  
conversions d i d  n o t  change. However, a t  moderate s e v e r i t y ,  H p S  had a 
s i g n i f i c a n t  e f f e c t  on d i s t i l l a t e  y ie ld ,  coa l  and p i t c h  conversions. 
The presence o f  HzS a t  moderate-high s e v e r i t y  had smal l  e f f e c t  on 
d i s t i l l a t e  y i e l d  and p i t c h  conversion bu t  no e f f e c t  on coa l  
conversion. It appears t h a t  a t  h igher s e v e r i t i e s  the p o s i t i v e  e f f e c t  
o f  H2S i s  masked by the  presence o f  FeSOq. 
and 3 revea ls  t h a t  at  low s e v e r i t y  a higher d i s t i l l a t e  y i e l d  was 
obtained with the  HpS on ly  run. However, a t  moderate seve r i t y ,  no 
improvement was observed u s i n g  HpS+FeS04 compared t o  HpS only. 
the CGmpeiiSGii c l e a r l y  shows tha t  a t  moderate s e v e r i t y  coa l  conversion 
i n  the presence o f  HpS on ly  (80.4 w t  X) approaches tha t  a t  
moderate-high s e v e r i t y  using FeS04 on ly  (86.3 w t  %). 

A comparison o f  l ab les  2 

Also, 
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Product  C h a r a c t e r i s t i c s  

a) D i s t i l l a t e s  

Table 4 shows t h e  c h a r a c t e r i s t i c s  o f  d i s t i l l a t e  products  a t  four 
d i f f e r e n t  s e v e r i t i e s  and compares product  q u a l i t i e s  obta ined i n  the 
presence o f  H2S w i t h  those obta ined us ing  FeS04 or H2S + FeSOq. 
A t  very  low s e v e r i t y  i t  appears t h a t  the d i s t i l l a t e  products  obta ined 
us ing  H2S + FeSOq are  r e l a t i v e l y  heavier  than those obta ined i n  the  
presence o f  FeSOq only. The su lphur  content  o f  the  d i s t i l l a t e  d i d  n o t  
change when H2S was added t o  FeS04, however, t h e  a r o m a t i c i t y  increased 
from 26 t o  31. 
conversion upon H2S a d d i t i o n  (see Table 3 )  and may imply  t h a t  some 
coal -der ived l i q u i d  cont r ibu ted  t o  the d i s t i l l a t e .  Again a t  low 
sever i ty ,  h igher  c o a l  conversion i n  the  presence o f  H2S o n l y  compared 
t o  FeS04 or  H2S + FeSOq r e s u l t e d  i n  a r e l a t i v e l y  heavier  d i s t i l l a t e .  
The sulphur content  o f  the  d i s t i l l a t e  decreased s l i g h t l y  i n  t h e  H2S 
on ly  run. A t  moderate sever i ty ,  t h e  use o f  H2S alone r e s u l t e d  i n  a 
heavier  l i q u i d  product, lower H/C r a t i o  and h igher  molecular  weight 
than the d i s t i l l a t e  obta ined us ing  e i t h e r  FeS04 or  H2S + FeSO4. 

This increase p a r a l l e l s  t h a t  o f  increased coa l  

From t h e  r e s u l t s  shown i n  Table 4 i t  appears t h a t  the e f f e c t  o f  
FeS04 as a hydrogenation c a t a l y s t  i s  more pronounced a t  r e l a t i v e l y  
h igher  s e v e r i t i e s .  A t  moderate sever i ty ,  a l though s i m i l a r  c o a l  
conversions and d i s t i l l a t e  y i e l d s  were obta ined w i th  b o t h  H2S and H2S 
+ FeSOq, a b e t t e r  d i s t i l l a t e  q u a l i t y  was obta ined w i t h  H2S + FeS04. 
Again the  h igher  molecular  weight i n  t h e  H2S o n l y  run may suggest t h a t  
more coal -der ived l i q u i d  c o n t r i b u t e s  t o  the  d i s t i l l a t e  bu t  the  product  
i s  no t  upgraded t o  the  same degree as when FeS04 i s  used. 
content  o f  the d i s t i l l a t e  decreased when HzS was used i n s t e a d  o f  
FeS04. 
content  which i n d i c a t e s  t h a t  H2S r e a c t s  w i th  the oxygen 
f u n c t i o n a l i t i e s  i n  coal .  However, su lphur  content  o f  the  d i s t i l l a t e  
increased s l i g h t l y  i n  the presence o f  H2S only .  
sever i ty ,  t h e  product  q u a l i t y  improved s l i g h t l y  i n  t h e  presence o f  H2S 
i n  terms o f  h igher  H/C r a t i o ,  lower oxygen content ,  a r o m a t i c i t y  and 
molecular weight. 

b) Residues 

The oxygen 

Add i t ion  o f  HzS t o  FeS04 f u r t h e r  reduced t h e  oxygen 

A t  moderate-high 

The composit ions o f  res idues obta ined under d i f f e r e n t  process 
s e v e r i t i e s  are shown i n  Fig. 1 .  A t  very  low sever i ty ,  t h e  a d d i t i o n  o f  
H2S t o  FeS04 r e s u l t e d  i n  s l i g h t l y  h igher  y i e l d s  o f  asphaltenes, 
preasphaltenes and lower THF inso lub les .  A t  low s e v e r i t y ,  t h e  lowest  
y i e l d  o f  THF i n s o l u b l e s  was obta ined w i th  H2S which r e f l e c t s  a h igher  
c o a l  conversion than the FeSOq and HzS+FeS04 runs. Under these 
cond i t ions ,  t h e  r e l a t i v e  y i e l d s  o f  o i l s ,  asphaltenes, and 
preasphaltenes remained unchanged. A t  moderate s e v e r i t y ,  t h e  res idue 
i n  t h e  FeS04 run conta ined more r e s i d u a l  o i l  than t h e  HzS run. 
However, as shown i n  Table 2 t h e  t o t a l  d i s t i l l a t e  y i e l d  as w e l l  as the 
p i t c h  conversion i n  t h e  H2S run are higher .  Th is  suggests t h a t  t h e  
upgrading o f  heavy m a t e r i a l  i n  coprocessing i s  more e f f i c i e n t  us ing 
H2S than FeS04 a t  l e a s t  a t  moderate s e v e r i t i e s .  L i t t l e  or no change 
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occurs i n  t h e  y i e l d s  o f  asphaltenes and preasphaltenes a t  moderate 
s e v e r i t y  using the  d i f f e r e n t  add i t i ves .  
adding H2S t o  FeSOq r e s u l t e d  i n  s l i g h t l y  h igher  p i t c h  conversion and 
consequently lower residue y i e l d  (Table 3). 
i s  r e f l e c t e d  mainly i n  lower preasphaltenes and asphaltenes y ie lds .  

A t  moderate-high s e v e r i t y ,  

The drop i n  res idue y i e l d  

The toluene i n s o l u b l e s  o f  some o f  the coprocessing residues were 
This technique, supplemented a lso  examined u s i n g  o p t i c a l  microscopy. 

by semi -quant i ta t i ve  elemental  a n a l y s i s  by scanning e l e c t r o n  
microscopy has shown t h a t  i t  i s  poss ib le  t o  d i s t i n g u i s h  the 
o r i g i n a l i t y  o f  coa l -der ived  and bitumen-derived s o l i d s  i n  coprocessing 
residues (16).  A t  moderate seve r i t y ,  the  to luene i n s o l u b l e s  o f  the 
coprocessing res idue obtained us ing  H2S conta ins  22.5 v o l  % 
coal-der ived s o l i d s  ( a l t e r e d  coa l  or unreacted coa l )  whereas the 
residue from t h e  FeS04 run  conta ins  52.1 v o l  t coal-der ived 
mater ia ls .  
conversion i n  the  H2S r u n  r e l a t i v e  t o  the FeSOq run. 
amount, (0.9 v o l  %) o f  a n i s o t r o p i c  s o l i d s  i n  both  the H2S and FeSQ 
runs was detected whereas none was detected i n  the  H2S + FeSUq run. 

These r e s u l t s  are cons is ten t  w i t h  the h igher  coa l  
Also a smal l  

CONCLUSIONS 

Hydrogen su lph ide  has been shown t o  be an e f f e c t i v e  promoter i n  
achieving h i g h  c o a l  conversions and d i s t i l l a t e  y i e l d s  when 
coprocessing subbituminous coa l  w i t h  bitumen vacuum bottoms i n  a 
continuous-f low bench scale operat ion.  Resul ts i n d i c a t e  tha t ,  a t  
leas t ,  a t  low and moderate s e v e r i t i e s  o f  opera t ion  H2S performs as 
good as or  b e t t e r  than FeS04 i n  terms o f  product y i e l d s  as w e l l  as 
q u a l i t i e s .  However, a t  h igher  s e v e r i t i e s ,  FeS04 i s  super io r  t o  H2S. 
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Table 1 

Analysis o f  Feedstocks 

Forestburg Coal Cold-Lake 
vacum bottolns 

Proximate analysis Specific gravity, 15/15'C 1.038 
( w t  %, as received) Pentane insolubles, w t  % 23.8 

P i tch  content, w t  % 83.2 
Moisture 19.7 Conradson Carbon, w t  I 17.1 
Vo la t i le  37.2 Elemental ccunposition,wt I 
Fixed carbon 36.1 C 83.34 
Ash 7.0 H 9.69 

N 0.45 
Ultimate analysis S 5.84 
( w t  I DAF) 0 0.68 

C 74.34 Metals, ppm 
H 4.81 V 235 
N 1.78 N i  93 
0 18.58 Fe 18 
S 0.49 

Table 2 

Comparison o f  the Effects o f  H2S w i t h  FeSO(, 

Sever i ty Low Moderate 

H2'5 (1 )  no yes 
FeSOq yes no 

D i s t i l l a t e  y i e l d  ( 2 )  22.9 27.3 
Coal conversion (3 )  53.7 67.9 
Pi tch conversion ( 4 )  15.8 20.3 

no Yes 
Yes n o  
36.3 43.2 
70.4 80.4 
34.1 42.5 

(1 )  
(3 )  

8 w t  I, based on maf s lu r r y  feed 
w t  I, based on maf coal, 
defined as THF s o l u b i l i t y  

( 2 )  w t  I, based on maf s lu r ry  feed 

maf (+525"C) i n  
(4 )  maf (+525 "C)  i n  - maf (+525'C) out 

Table 3 

Comparison o f  The Effects o f  FeS04 and HpS + FeSO4 

Severity Very low Low Moderate Moderate-hiqh 

HgS (1)  no yes no yes no yes no yes 
FeSO4 yes yes yes yes yes yes yes yes 

D i s t i l l a t e  y i e l d  ( 2 )  15.8 16.5 22.9 22.9 36.3 42.1 60.9 63.1 
Coal conversion ( 3 )  27.4 41.1 53.7 61.3 70.4 83.7 86.3 85.9 
P i tch  conversion ( 4 )  8.1 7.5 15.8 18.6 34.1 42.4 64.8 69.7 

- 

(1)  8 w t  %, based on maf s lu r r y  feed 
( 3 )  w t  %, based on maf coal, 

( 2 )  w t  I, based on maf s lu r ry  feed 
(4)  maf (+525'C) i n  - maf (+525"C) out 

defined as THF solubility maf (+525"C) i n  
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Table 4 

D i s t i l l a t e  C h a r a c t e r i s t i c s  

Sever i t y  Very low - Low Moderate Moderate-hiqh 

H2S 
FeSOg 

API 
H/C 
N,wt A 
S,wt A 
0,wt A 
- f a  
Mn,g/mole 

no 
Yes 

17.0 
1.56 
0.39 
2.98 
1.28 

29 
107 

no yes 
yes yes 

15.2 13.3 
1.59 1.53 
0.26 0.37 
3.15 3.11 
0.89 1.30 

- - 26 31 

yes yes 
no yes 

15.9 15.8 
1.57 1.54 
0.41 0.41 
2.A3 2.98 
1.23 1.31 

28 30 
320 322 

no 
yes 

22.4 
1.62 
0.44 
2.30 
1.40 

25 
272 

Yes 
Yes 
25.9 

1.62 
0.50 
1.69 
0.85 
2 5  

278 

yes yes 
no yes 

19.8 22.9 
1.58 1.63 
0.47 0.43 
2.44 2.27 
1.28 1.02 

29 24 
305 279 

FIGURE 1 RESIDUE COMPOSITION 
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